This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. Purpose: The aim of this study is to generate a metabolic database for biomedical studies of biopsy specimens by high-resolution magic angle spinning (HRMAS) nuclear MR (NMR). Methods: Seventy-six metabolites, classically found in human biopsy samples, were prepared in aqueous solution at a known concentration and analyzed by HRMAS NMR. The spectra were recorded under the same conditions as the ones used for the analysis of biopsy specimens routinely performed in our hospital. Results: For each metabolite, a complete set of NMR spectra (1D 1 H, 1D 1 H-CPMG, 2D J-Resolved, 2D TOCSY, and 2D 1 H-13 C HSQC) was recorded at 500 MHz and 277 K. All spectra were manually assigned using the information contained in the different spectra and existing databases. Experiments to measure the T 1 and the T 2 of the different protons present in the 76 metabolites were also recorded.
is particularly useful to characterize the biology of the tumor, monitor treatments, and predict toxicity. 2 Nuclear MR (NMR) metabolomics of tissues has been used to study several cancers 3 and has the potential to enable personalized treatment. High-resolution magic angle spinning (HRMAS) NMR spectroscopy is particularly adapted to study small samples of unprocessed tissue specimens for medical indications such as tumor analysis 4 and transplantation. 5 The preparation of biopsy samples is straightforward and fast, 6 obviating the need for lengthy chemical extraction procedures. HRMAS NMR spectroscopy can identify and quantify several metabolites from 1D 1 H NMR spectra with excellent resolution and signal-to-noise ratio. In clinical routine, this technique could eventually be used to characterize biopsies and find predictive and prognostic factors during surgery. In our hospital, samples are transported rapidly by a pneumatic tube from the operating room to the room where the NMR spectrometer is located. Acquisition of HRMAS data takes only around 20 minutes. 4, [6] [7] [8] HRMAS NMR has the potential to provide important medical benefits; however, metabolite identification and quantification needs to be fast and reliable. Identification is usually based on the literature and existing databases that have been developed mainly for urine, plasma and CSF 9 (HMDB: http:// www.hmdb.ca/).10,11 A specific HRMAS database for the study of human biological tissues is still lacking and needs to be developed. Moreover, quantification is essential for network analysis and discovery of new biomarkers. The aim of this study is to generate a metabolic HRMAS database for the 76 most common metabolites found in human tissues.
| METHODS

| Preparation of metabolite solutions
| Pure metabolite standards
A total of 76 metabolite solutions were prepared to build the metabolic database. For each metabolite, a solution containing approximately 3 mM of the pure metabolite was prepared in D 2 O containing 9.4 mM of phosphate-buffered saline (PBS) buffer (pH 7.4) and 0.125% trisodium phosphate (TSP). Twenty-four microliters of this solution were placed in a 25-µL disposable insert in KeLF. The number of nmoles actually present in the inserts of each standard solution was determined exactly using the Eretic 12 method (Table 1) . 
| Standard metabolites mixture for the validation of concentration measurements
| Biopsies preparation
The protocol is the one classically used in our laboratory to prepare biopsy specimens: All tissue samples were collected during surgery immediately after removal of the tumor. Specimens were either frozen in liquid nitrogen in an appropriate Dewar in the operating room or transferred from the block to the spectrometer room by a pneumatic system. Samples were then prepared at a temperature of -20°C. Amount of tissue used ranged from 15 to 20 mg. Each tissue sample was placed in a 25 μL disposable insert using a biopsy punch. A volume of 10 µL of deuterium oxide was then added to each biopsy insert. After a centrifugation step, deuterium oxide was added again to fill the insert. Finally, inserts were stored at -80°C. until the HRMAS analysis was performed. The insert was then placed in a 4-mm ZrO 2 rotor and inserted into the NMR spectrometer. All assays were performed at 4°C. After the analysis, inserts were stored back at -80°C. 
| HRMAS NMR spectroscopic analysis
T A B L E 1 (Continued)
All metabolite solutions were prepared in D 2 O containing 9.4 mM of PBS (pH 7.4) and 0.125 wt% TSP.
Presaturation: the water signal presaturation scheme used in the experiment made it not possible to determine the ppm range of this multiplet. • Group has been defined as cluster 0 in Chenomx. 
| Relaxation times measurements were performed after the two 1D sequences
Transverse relaxation times were measured using a pseudo 2D 1 H Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with presaturation. This experiment consists in the acquisition of several 1D spectra with an increasing length of CPMG times. The experiment was performed with the following parameters: spectral width 14.0 ppm, number of points 32 k, relaxation delay 2 seconds, acquisition time 2.33 seconds, and 64 scans. Total acquisition time was of 1 hour 26 minutes.
Longitudinal relaxation times were measured using a pseudo 2D 1 H inversion recovery pulse sequence with water suppression, which consists in the acquisition of several 1D spectra with an increasing relaxation delay after the 180° pulse was used. A CPMG module of 93 ms was added just before the acquisition time in order to reduce broad spectral features, which arise from lipids and macromolecules. The experiment was performed with the following parameters: spectral width 14.0 ppm, number of points 32 k, relaxation delay 8 seconds, acquisition time 2.33 seconds, and 64 scans. Total acquisition time was 2 hours and 6 minutes.
| HRMAS NMR data processing
All spectra of the metabolic database were processed using Topspin 3.5 (Bruker BioSpin) and calibrated with respect to the TSP signal at 0.00 ppm in 1 H and at −0.25 ppm in 13 C.
Phosphorus spectra were referenced to the 31 P signal of the PBS (H 2 PO 4 − /HPO 4 2− ) buffer at 5.36 ppm.
| Processing and analysis of 2D relaxation data
For both T 1 and T 2 analysis, the free induction decays were first multiplied with a cosine squared weighting function before Fourier transformation. Data were then carefully phased and baseline corrected. The resulting data were analyzed using the Dynamics Center 2.2.4 package, which is a module of Topspin 3.5 and which is able to perform advanced mono-and biexponential curve fitting. This software fits relaxation data using a combination of Simplex and Levenberg-Marquardt algorithms. 
| Human brain tumor specimens
Six human brain specimens (normal cerebral cortex [n = 2], oligodendroglioma [n = 2], and glioblastoma [n = 2]) were prepared following our standard protocol in order to evaluate the performances of our database for metabolite assignment. Additionally, the T 1 and T 2 relaxation times of 17 brain metabolites (20 chemical groups) were determined in these samples. These relaxation times were measured to confirm the applicability of our database to biological samples.
| RESULTS
For each of the 76 metabolites contained in the database, the full set of experiments described in Methods was acquired. The 1D and 2D spectra were manually assigned using the information contained in the different spectra as well as the Human Metabolome Database 9 and simulated NMR spectra. 17 The complete list of 1 H/ 13 C chemical shifts and 1 H-1 H J-couplings for the 76 metabolites is presented in Table 1 . It also lists the T 1 and T 2 values of the different protons of
the molecules in the metabolic database. An example of the T 1 /T 2 measurement for the different signals of ascorbate is shown in Figure 1 . As expected for small molecules in solution, the values of the T 1 and T 2 are very similar. However, some protons like the Lactate_CH exhibit a distinct behavior, with T 2 being much shorter than T 1 . These relaxation parameters are particularly important because they allow to estimate the amount of magnetization lost because of relaxation and to compute a correction factor. The comparison of the T 1 /T 2 values obtained for the metabolites in solution and in biopsy samples is presented in Table 2 . For all metabolites, both T 1 and T 2 values in biopsy specimens are slightly shorter than in solution. On average, the T 1 values obtained in biopsy samples are 17.3% shorter whereas the T2 values are 27.2% shorter. The average loss of magnetization attributed to T 1 /T 2 relaxation effects during a CPMG experiment is computed to be 16% in solution and 17% in biopsy specimens. This result is quite remarkable and provides, for the first time, an estimate of the correction factor that should be used to obtain a more accurate quantification. The fact that the correction factors are so similar, despite slight variations in T 1 and T 2 , can be explained using Equation . A shorter T 1 will decrease signal loss, whereas a shorter T 2 will increase it. The simultaneous decrease of T 1 and T 2 in biopsy specimens explains that similar signal losses are observed. These values are applicable, provided our own experimental conditions are followed (i.e., CPMG block of 93 ms and recovery delay of 4.33 seconds). However, the T 1 and T 2 values presented in Table 1 allow to estimate the loss in signal for any of these 2 experimental parameters. As a validation sample, we have used 4 mixtures at different concentrations of 4 metabolites. The results presented in Figure 2 show that a high precision 
| DISCUSSION
HRMAS NMR metabolomics is a promising technique to evaluate the metabolic status of the tissue of a patient. Depending on the tissue and the disease studied, different metabolic pathways and different metabolites may be affected. [6] [7] [8] For instance, alterations in the following pathways have been studied by HRMAS: glycolysis, tricarboxylic acid cycle, glutamate/glutamine cycle, 1-carbon metabolism, membrane metabolism, and amino acid synthesis. HRMAS NMR metabolomics has been shown to be potentially beneficial in personalized treatment in the following fields of medicine [18] [19] [20] : (a) Evaluation of the quality of grafts in liver or lung transplants. 5, 21, 22 (b) Detection of oncometabolites for identification of DNA mutations: 2-hydroxyglutarate in glioma for isocitrate dehydrogenase mutation, 23 succinate in pheochromocytomas to distinguish succinate dehydrogenase (SDHx)-and non-SDHx-related tumors. 24 (c) Detection of biomarkers to evaluate tumor aggressiveness. Past studies have shown which metabolic pathways are involved in tumor growth. 3, 25 In oligodendrogliomas, the degree of tumor hypoxia obtained at an early state of disease was better correlated with the patient prognosis than the morphological criteria. 4 Distinct metabolic signatures were found for lung adenocarcinoma (related to phospholipid metabolism and protein catabolism) and squamous-cell carcinoma (glycolytic and glutaminolytic profiles). 26 In pancreatic adenocarcinoma, the assessment of ethanolamine concentration can be clinically relevant as a single metabolic biomarker to predict long-term survival. 6 (d) Evaluation of tumor exeresis during surgery: The intraoperative metabolic analysis of biopsy specimens can help better characterize tumor margins. This novel application has been presented as a proof of concept in colon cancer.
27
T A B L E 2 T 1 and T 2 relaxation times measured for 17 metabolites and 20 chemical groups on 6 different biopsies: normal cerebral cortex (n = 2), oligodendroglioma (n = 2), glioblastoma (n = 2) The value of T 1 and T 2 for the pure metabolite is also reported. The last 2 columns show the signal loss expected during a CPMG experiment for the 17 metabolites in a biopsy and in a pure solution, taking into account both T 1 and T 2 effects.
The simplified metabolite pathways used in our laboratory is presented in Supporting Information Figure S1 . The analysis of the variations in concentration of the different metabolites is usually performed by multivariate or network analysis. 28 This approach allows to study the up-and downregulation of different pathways in order to find potential biomarkers. In this context, rapid and robust identification as well as reliable quantification are critical.
When performing a study by HRMAS NMR on a large cohort of samples, the detailed metabolite assignment is usually performed only on a few samples. For these samples, the combination of 1D and 2D NMR spectra is particularly powerful, and the database presented in this article makes this assignment relatively straightforward. A unique feature of our metabolic database is that it contains all the spectra used classically to study biopsy specimens:
1 H 1D, (Bruker BioSpin) can provide a semiautomated identification using J-Resolved, TOCSY, and 1 H-13 C HSQC spectra. 29 Once the different peaks have been assigned in these samples, the assignment can simply be reported in the 1D spectrum of the remaining samples. Because the conditions for sample preparation and data acquisition follow a strict protocol, there is little variation in peaks position attributed to pH or temperature.
Our database was applied to analyze multiple biopsy specimens obtained from tissue banks or from routine surgery. It is clearly a powerful tool that helps provide an accurate and fast metabolic profile. To illustrate this point, Figure 3A shows a typical example of the use of the database when assigning the 1D 1 H CPMG spectrum of a biopsy sample. The CPMG is the experiment that is used systematically to characterize biopsy specimens. In this example, the assignment of Allocystationine is highlighted. In case of severe overlap, the assignment can also be confirmed by superimposing the different 2D spectra of the biopsy sample with the corresponding spectra of the database. Figure 3B illustrates this approach by showing the assignment of Allocystationine in the de 2D J-Resolved spectrum of a human biopsy. This approach allows to assign the different signals contained in a biopsy sample with a very high degree of confidence. For biomedical applications, it is essential to obtain quantitative information on metabolites present in tissues, that is, in the cells, extracellular space, and microenvironment. This information is usually presented as the number of nmoles of metabolites per mg of biopsy material. The reliability of the analysis will depend on the quality of the tissue sample controlled in histopathology (with a preference for the HRMAS sample itself or the mirror sample). The T 1 and T 2 data presented in this article allow to improve the quantification of metabolites in biopsies by computing, for each chemical group of a given metabolite, a correction factor that takes into account relaxation losses during the CPMG experiment. Under our experimental CPMG conditions, this loss of signal ranges from 11% to 23%. Similar relaxation times measurements have been performed in vivo at 17.2T in the rat brain to improve quantification of metabolites. 30 A very important feature of our HRMAS database is that it contains spectra recorded on a known quantity of metabolites. This implies that the CPMG spectrum of the database can be used to directly estimate the amounts of metabolites contained in the CPMG spectrum of a biopsy sample. The scaling factor used to match the peaks in the biopsy spectrum can be used to calculate the concentration of that specific metabolite.
Techniques of quantification of metabolites in biopsy specimens are becoming very performant; however, they still need to be improved, notably in terms of speed and automation. In our laboratory, these quantification routines are currently being implemented in the Chenomx and AssureNMR software. This database has the potential to become a reference to identify metabolite peaks in tissues outside our laboratory, provided data are collected under the exact experimental conditions. It should be useful at both 500 and 600 MHz, which are the 2 magnetic fields most commonly used in this type of study.
| CONCLUSION
HRMAS NMR metabolomics is becoming an important technique in clinical research and could potentially improve personalized medicine. The database presented in this study considerably simplifies the assignment of signals in the spectra of biopsy specimens. The spectra of the database are all provided along with the number of nmoles used for the standard sample, which makes them useful for quantification applications. Additionally, the loss of magnetization attributed to T 1 and T 2 effects observed during CPMG experiments run under our experimental conditions is reported for metabolites in solution (average loss 16%) and in biopsy specimens (average loss 17%).
